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A considerable amount of work has been accomplished in the 
past in analyzing the steady state two-phase flow phenomena in 
vertical tube evaporators. Little has been done in the treat= 
Ment Of non=steady state conditions in forced=circulation sys- 
tems. The transient responses in such systems have gained im- 
portance with increasing application of the monotube forced- 
circulation concept to the field of steam generation. A know- 
ledge of the dynamic behavior of the forced-flow evaporator 
systems is of considerable importance in the control of once- 
earough forced-circulation boilers. Such behavior dictates the 
feed control system and affects the design properties of the 
boiler as a whole. 


Po ,oucain a feeling for the transients involved in such 
systems a simplified test model was built. Steam of varying 
quality was generated at 20 psia_in an electrically heated 
vertical evaporator constructed from 0.375" O.D. stainless 
steel tubing. Secured to the top of the evaporator, at the 
end of the uppermost heating unit, was a two foot length of 
pyrex tubing in which the boiling phenomena could be observed. 
Heat flow rate was varied from 0.5 KW to 2.0 KW. Weight flow 
rate was varied from 10 Whr to 25 ¢/nr. 


UOC MmOUNl ity pmirce mula were conducted. [ne srespouse 
of the system to four flow conditions was investigated: weight 
flow rate constant, step changes in heat flow rate (positive ~ 
and negative) and heat flow rate constant, step changes in weight 
flow rate (positive and negative). 


Total interface movement between two steady state condi- 
tions was determined through a correlation with peak outside 
wall temperature. Time and space variation in the commencement 
of nucleation and the end point of evaporation was related to 
the variation of outside wall temperature at the end of the 
generating section. Visual observations of the regimes of 
Morling under transient conditions were correlated with this 
time variation in outlet generator temperature. 
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Saturated and superheated interface movement under tran- 
sient conditions in response to step change in both weight flow 
rate and heat flow rate were described by a general equational 
forms 


Aine (Aa( 1 = on am) 


The time constant,“a™“, of this equation is an indication of 
the time characteristics of the evaporator. It determines the 
initial slope of the transient response and is a strong func- 
tion of weight flow rate and heat flow rate. Five regimes of 
merecing could be visually recognized in vertical tube evapora- 
tionss bubble, slug, slug-annular, turbulent-annular, and 
smooth annular. 


In addition, the thesis introduces a method by which the 
empirical equations derived in the investigation can be employed 
in the development of transfer functions for use on the analog 
computer. 


Thesis Supervisor: Ernst G Frankel 
Titles Assistant Professor of Marine 
Engineering 
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CHAPTER I 


INTRODUCTION 


A. Purpose and Scope of Work: 


A monotube forced-circulation concept in which preheating, 
evaporation, and superheating is a continuous process in either 
single or parallel tubes offers promise in the marine propulsion 
field. Such “once-through”™ boilers possess most of the advan- 
tages of forced-circulation boilers with the added attraction 
of a steam generator in which the order of magnitude of the 
thermal inertia is equal to that of the mechanical energy con- 
version machinery. Although many types of this class of steam 
generator have been recently installed in some large power sta-~ 
tions, there is no real understanding of the transient response 
within the two-phase flow area of the tubes. Profos [1] has 
presented a combined graphical and mathematical method by which 
the transient characteristics can be determined from the design 
data of the steam generator. 

The dynamic control behavior of forced-flow evaporator 
systems is of considerable importance in the control of once= 
through forced-circulation boilers. It, likewise, plays a role 
in drum-type boilers with steaming economizers (drum-type boilers 
without economizers are designed under nucleate boiling condi- 
tions). Dynamic behavior decides the character of the feed con- 
trol system. It influences the properties of the boiler as a 


whole, and as such can be used as a vital tool in boiler design. 
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A Knowledge of the dynamic behavior of forced=ciculation 


systems under transient conditions would permit the development 
of a transfer function for use on the analog computer (Appendix 
A). By employing control synthesis much could be learned con- 
cerning the response of such systems without building and test- 
ing large scale prototypes. The engineer could predict the 
changes in boiler response that would be brought about by vary- 
ing the basic parameters of the generating system. 

During operation evaporator systems are subject to various 
disturbances in the form of input variables. Changes in feed- 
water flow, W, and heat flow of the evaporator surface, q, in- 
fluence both the displacement of the commencement and the end 
point of evaporation. This results in changes in the size of 
the heating surface of the preheater (economizer), evaporator, 
and superheater. To predict these changes in the commencement 
and end point of evaporation (hereafter referred to as the sa- 
turated interface and superheat interface, respectively ) an: 
experimental study of the two-phase region dynamics is required. 
The drastic assumptions required in any analytical solution of 
mre partial differential equations involved limit their ability 
in fully describing the boiling phenomenon under both steady 
state and transient conditions. Usually, perturbation theory 
centered on several selected operating points must be employed. 

Experimental work done by Dengler [2], Kozlov [3], and 
Armand [] describes boiling phenomenon in both natural-circu- 
lation and forced-circulation units. Bergles and Rohsenow [5] 


studied forced convection boiling heat transfer and tube burnout 





TZ 
both experimentally and analytically. Wallis and Heasley [6] 


and Stenning [7] analytically treat two phase oscillations and 
instabilities. All of this work, however, is concerned with 
steady state conditions. No published work other than that of 
Profos [1] could be found which treats the transient two-phase 
flow problem. 

it is the purpose of this thesis to experimentally deter- 


mine interface movement under transient conditions. 


B. Discussion of Boiling Mechanism in Tubes 


Dengler [2] discusses five types of two-phase vertical 
ieeow Under forced circulation conditions; bubble, slug, slug- 
annular, turbulent-annular and smooth annular. Slug-annular 
and smooth annular dominate the range of vaporization of most 
practical interest. He related the various flow phenomena to 
fraction vaporization, pressure, and mass flow rate. The type 
of flow pattern had little effect on the heat transfer coeffi- 
client over the initial range of vaporization. Following 
Dengler the regimes are described: 

a. Bubble Flow 

Bubble flow is observed at extremely low weight per cent 
vaporization. The bubbles are at first small and well dis-=- 
tributed throughout the liquid phase. As vaporization increases 
the bubbles grow in size, decrease in numbers, and occupy the 
center of the tube. Bubble flow persists only over the initial 
stages of vaporization. It disappears when less than 0.2 per 


eént of the liquid is vaporized. 
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bd. Slug 

With the vaporization of more liquid, the bubbles coalesce 
and form slugs of vapor which alternate with liquid along the 
wae The slugs then uniwe and displace liquid @e0m the center 
of the tube. 

ce Slug-Annular 

The slug-annular flow regime is typified by a sector of 
extreme agitation. Annuli of liquid, temporarily held up on 
the wall by the growing slugs of vapor, repeatedly collapse 
and fall back into the center of the tube. Heavy rings of li- 
guid travel up the tube wall and then tumble back down to tem-~ 
porarily block the vapor. Pressure builds up, and the vapor 
explodes through the fallen slug of liquid again forcing it up 
the tube. The pressure falls and the cycle is again repeated. 
Slug-annular flow is thus marked by severe pressure drop fluc= 
tuations. At low ders rates slug-annular flow lests until a 
substantial Ose of the liquid, 10 to 20 per cent, has been 
vaporized. 

do. Turbulent-Annular 

In this regime, the agitation subsides and the vapor, now 
moving at a high velocity, forces the liquid up the tube wall. 
The central core of vapor is surrounded by a stable annulus of 
rapidly moving liquid. The violent fluctuation of slug-annular 
flow is replaced by a fine grained turbulence confined to the 
area of the tube wall. Pressure fluctuations are greatly re- 
duced and stability approaching that of one-phase flow is 


achieved. 
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e. Smooth-Annular 

With still a greater weight per cent of vaporization the 
flow at the tube wall becomes smoother, and apparently the 
thickness of the wall film grows thinner. The transition be- 
tween the two annular types takes place suddenly. In smooth- 
annular flow it is quite possible that part of the liquid has 


left the tube wall and entered the central core as spray. 


Kozlov [3] recognizes six basic types of flow: bubble 
flow, plug flow, plug-dispersion flow, emulsion flow, filme 
emulsion flow, and drop flow. This description compares favor- 
ably with that of Dengler. It differs in the respect that 
Kozlov can differentiate two pap iinets | emulsion flow and film- 
emulsion flow, in that area which Dengler describes as Turbu- 
lent-Annular. 

The author's observations during the experimental work of 
the thesis justifies the acceptance of Dengler's definitions. 
These are more visually descriptive of the occurrence within 
the two phase region and can be detected quite easily. 

The range of vaporization during which bubble and slug 
flow exists is extremely narrow. Dengler's data [2] indicates 
that both disappear when less than 0.2 per cent of the liquid 
has evaporated. He concludes that the effect of these mechan- 
isms, if any, on evaporation of liquids in vertical tubes may 
be ignored, since the local heat transfer coefficient changes 
very little within these regimes. 

Buchberg, et al. [8] conducted an investigation of condi- 


t1 Ons required for the inception of boiling. Axial wall- 
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temperature variation and wall temperature fluctuation were ob=- 
served to determine the incipient boiling point. The differ- 
ence in temperature between a downstream location and a loca- 
tion near the inlet was plotted versus heat flux for constant 
pressure and flow. A sharp peak in the curve defined the heat 
mux and the point “of incipient boiling. 

The data of Swenson, et al. [9] indicates that wall tem- 
perature peaks at a steam quality greater than 0. They indi- 
cate that a transition has been made at this peak from nucleate 
boiling to film boiling. Becker, et al. [10] in graphical form 
present the relation of pressure, temperature (outside wall, 


4 inside wall, Tha» and bulk temperature, Ty) and steam 


wo? 
quality distribution along uniformly heated test sections. 


This data shows that D09 ie and T, all peak within a 2 = 3 


b 
inch, length of a3120 mm heated vertical tube. It is significant 


wi? 


to note that the peak ro corresponds to O quality steam. 
Bergles and Rohsenow [5] believe that the peak wall tem- 
perature indicates the start of fully-developed boiling rather 
than the incipient boiling point. They further feel that it 
is not necessary to determine the point of incipient boiling 
at high pressures, as it is separated from fully-developed 
boiling by only a few degrees of wall superheat. 
It can, therefore, be concluded that there is a direct 
} and thé location of the commence— 


i? it 


Wa 
ment of boiling. This correlation is the key to the prediction 


eemrelaGion in T , 
wo 


of interface movement under transient conditions. 
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C. Apparatus and Equipment 

Two distinct phases of study with their accompanying in- 
stallations were employed to obtain the required background in 
two-phase flow for the writing of this thesis. 
ie) Pirst Installation 

The first installation was constructed at the U.S. Naval 
Boiler and Turbine Laboratory, Naval Shipyard, Philadelphia, 
Pennsylvania. With laboratory assistance a fifteen foot mono- 
tube boiler unit was erected. The unit was equipped with the 
required pumps, tanks, demineralizers, etc. that enabled it to 
operate as a steam generator (FIG. 1). It was instrumented 
with thermocouples that extended into the flow regime to trace 
the variance of bulk temperature, Ty» with space and time. The 
erection of such a test unit brought up subsidiary problems. A 
eemole yet eltfective constant referemerice temperature junction 
for use with one hundred and eighteen thermocouples was devel- 
oped. A means for obtaining ultrapure distilled water was 
solved. A monitoring system for obtaining the time variation 
in temperature of the one hundred and eighteen installed thermo- 
couples was developed (FIG. 2). A platinum resistance thermo-= 
meter for the measurement of average temperature was developed 
as an outgrowth of this program (FIG. 3). Additional views of 
the installation are presented in FIG. 4 and FIG. 5. Mechanical 
problems caused a premature failure of the unit before the come=- 
pilation of the required data. The program is still an active 


one at the laboratory and a new design is being contemplated. 
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FIGURE 9 


PLATINUM RESISTANCE THERMOMETER FOR THE MEASUREMENT OF AVERAGE 
TEMPERATURE IN A REGION OF TWO-PHASE FLOW. 
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FIGURE 4 
VERTICAL TUBE EVAPORATOR TEST INSTALLATION, NBIL 
(From left: Constant Temperature Reference, 
TC Terminal Board, and Monotube Boiler) 





FIGURE 5 
VERTICAL TUBE EVAPORATOR TEST INSTALLATION, NBIL 
(Visible left foreground 2 cyl. R.E. Pump 
with accumulator; Right, Glass-lined Se- 
condary Storage Tank) 





el 
2.) Second Installation 


The second phase of the program was conducted at the 
Experimental Projects Laboratory, M.1I.T. The author concluded 


that any attempt to measure bulk temperature, T,, within a tube 


b 
by means of thermocouples, must be discarded. An immense mechani- 
cal-joining problem exists in the areas where the thermocouples 
pierce the generating tube, since the tube must necessarily be 
heated by some form of electrical device to obtain a uniform 
heat distribution. In addition, the flow disturbance resulting * 
from the protrusion of the thermocouples into the tube gives 

data which can not be correlated to the geometry of boiler tube 
flow. 

In the second installation the use of ultrapure. distilled 
water was discarded. This experimenter felt that in using such 
extreme refinements, conditions were being produced that were 
too laboratory directed for extrapolation to general industrial 
equipment. Carried to the extreme, within a liquid containing 
no colloidal impurities, gaseous or solid, vaporization would 
be impossible. Lastly, simplicity in design was a critical 
factor consideration. 

ao) General Description 

The equipment consisted of the following components §é 

(1.) Vertical Evaporator 

(2.) Visual Observation Section 

(3.) Condenser 

(4.) Electrical Circuit 

(S.) Flow System 


(6.) Thermocouple Measuring System 





ee 
A Schematic of the installation is shown in FIG. 6. 
b.) Detailed Description 
(1.) Vertical Evaporator 


The vertical evaporator was constructed from a ten foot 
section of Type No. 304 (16-8), stainless steel tubing, O.D. 
0.375", wall thickness 0.028". To obtain a reasonable elec- 
trical power input for steam generation the two electrical 
heaters were installed in parallel. Each heater consisted of 
thirteen pyrex glass tubes ) feet in length and mm in diame- 
ter (standard type, wall thickness 0.8 mm). The pyrex tubing 
was firmly secured about the outside circumference of the stain- 
less steel tubing forming an annular ring. In each section, 
through the centers of the pyrex glass tubes in the longitudinal 
direction, there was woven a continuous length of size 18 Chrome 
“WAN wire with a current rating of 23 amps, O.l112 Ohms/Foot re- 
sistance rating (FIG. 7). The heat generating area was lagged 
with standard mineral wool piping insulation (sectional length 
3 ft.). Power was supplied to the unit from a 230 volt D.C. 
bus. Evaporator operating pressure was 20 psia. 

cz 6 Visual Observation Section 

Secured to the top of the evaporator, at the end of the 
uppermost heating unit, was the visual observation section. 

This section consisted of a 2 ft. length of standard Pyrex 
Tubing, O.D. 3/8", wall thickness 5/6", Discharge piping to 
the open condenser was attached to this section. Back pressure 
was built up within the evaporator by the installation of an 


orfice at the end of this discharge piping. The visual 
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FIGURE 6 
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FIGURE 7 
OBLIQUE SKETCH VERTICAL TUBE EVAPORATOR 
(A portion of the insulg&tion is removed to 


show interior evaporator construction) 
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observation apparatus permitted observation of the two-phase 
flow phenomena. 

(3.) Condenser 

The condensing unit was an open trough type condenser. 
Discharge from the condenser was led to a fresh water drain. 
The steam cycle was operated as an open cycle. 

(ie Electrical Circuit 

The steam within the vertical tube evaporator was gener= 
ated by electricity. Electricity was adopted because of the 
simplicity of inducing the required step changes in heat flow 
rate, q, during the experimental runs. Power was supplied from 
a 230 Volt D.C. bus. Step changes in heat flow rate were ac- 
complished through a variable resistor (& pole switch stove 
rated at O amps, 230 Volt D.C.) connected in series with the 
parallel Chrome "A™ heaters. Current input was measured by 
means of a Weston D.C. Ammeter (0-l.0 amps rating). Voltage 
across the generating unit was measured by means of a Weston 
D.C. Voltmeter (3 scale, 0-300 volt rating). The electrical 
circuit is' illustrated schematically in FIG. 6. 

(5.) Flow System 

The system of flow was as follows. Water was received 
from Laboratory Fresh Water Piping (60 psi) and passed through 
a Mason=-Neilan Regulator, Type 33-1, rating 200 psi, range 2 
psi to 20 psi. This regulator isolated the feed water system 
from any exterior water pressure variation. The total weight 
flow rate, W,; was measured by a Fischer-Porter Rotometer 


(Scale 0-20). Flow rate was controlled through a 3/5" needle 
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valve and input pressure was measured by means of a standard 
pressure gauge (0-30 psi). After undergoing boiling in the 
test section, the steam passed through the visual observation 
section. Vapor was condensed in the open trough condenser. 

(6.) Thermocouple Measuring System 

Eight thermocouples were secured to the outside wall of 
the generating tube. Thermocouple placement is illustrated in 
FIG. 8. Seven thermocouples and their leads were made of cop- 
per-constantan. These were placed along the length of the gen- 
erating tube and were used tO measure steady state temperature 
variation. The thermocouple leads were attached to a selector 
switch. This switching arrangement permitted individual moni- 
toring of each thermocouple on a Leeds and Northrup Millivolt 
Potentiometer. The eigth thermocouple, iron-constantan, was 
secured to the wall at the uppermost heater outlet. It was 
used to measure wall temperature variation under transient con-= 
ditions and was monitored individually by the Leeds and Northrup 


Millivolt Potentiometer. 
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CHAPTER II 


PROCEDURE 


A. Experimental Procedure 
Feedwater was introduced into the apparatus through the 


rotometer and needle control valve. A curve of rotometer 
reading versus weight flow rate had been prepared ina series 
of calibration runs (Calibration Curve, FIG. 9). The weight 
flow rate, W, was set. The electrical heating elements were 
energized to obtain a given heat flow rate, q,; and the system 
Was brought up to steady state conditions. At the end of this 
process, which generally took approximately one hour, outside 
wall temperature, T\,, was monitored on Thermocouple 6 to in- 
sure that a steady state condition did exist (indicated by no 
) 


When steady state conditions were established, wall temp- 


meso in eae 
eratures on Thermocouples 1- 7 were recorded. The flow re= 

gime existing in the visual observation section was recorded. 

Any one of the four types of investigation runs was then come 
menced by the inducement of either step changes in flow rate, 

W, or heat flow rate, q. Wall temperature variation was measured 
on Thermocouple 8 at 15 second intervals. The existing flow re- 
gime in the visual observation section was also recorded at 

these times. Upon reaching a new steady state condition, wall 
temperatures, on Thermocouples 1 =- 7 were recorded along with 


the final steady state flow regime. It required approximately 
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ec 


8 = 15 minutes to reach a new steady state condition in the 
water and heat flow rates in which investigations were conducted. 
The types of runs on which studies were undertaken were 
as follows: 
1.) System maintained at a constant weight flow rate, 
but heat flow rate increased (step change). 
2.) System maintained at a constant weight flow rate, 
but heat flow rate decreased (step change). 
3.) System maintained at a constant heat flow rate, 
but weight flow rate increased (step change). 
4.) System maintained at a constant heat flow rate, 
but weight flow rate decreased (step change). 
A sample data sheet (TABLE IV) and work sheet (TABLE V) 


are illustrated in Appendix C. 


Be. Analytical Procedure 


In the analytical procedure, the thermocouple readings 
were converted to wall temperature readings. At any given time 
after the step change, the wall temperature, T0? on Thermocouple 
6 was subtracted from the initial wall temperature. The result=- 
ing AT values were plotted versus time. Visual observations 
were then correlated with time and temperature. A curve was 


fitted to these experimental points. The curve of 


AT = AT. f(t) (Ga) 
was determined. AT, 1s defined as the difference in the two 
steady state temperature readings (commencement of run and term- 


iaetion of run). 


AT, = T,- T (2) 





sia! 


Since the positions of Thermocouples 1 = 7 were known along the 
axial length of the tube, FIG. 8, it was quite simple to locate 
the point of the commencement of evaporation by plotting wall 


temperature, T versus thermocouple location curve. The peak 


wo?’ 
in the ee curve corresponded to the location of the commence= 
ment of evaporation. The heat flow rate, q, and the weight flow, 
W, were so controlled in each run that at either the commencement 
of the run or after the step change in the system variables, the 
commencement of nucleation was just occurring at the end of the 
generating section. In other words, at one level a peak in Te 
(read on Thermocouples 1 = 7) was apparent and its position 
along the length of the tube could be ascertained. At the other 
level, the ae at each location showed a steady rise which gave 
an indication eae heating of a subcooled liquid to a point 
of the commencement of first boiling. For any run the length 
of the generating tube minus the distance down the tube at which 
the peak occurred was equal to the total length of saturated 
interface movement between two steady state operating levels, 
al ve 

4L, =L-e= L, 
Equation 1 was then related to AL, and a curve 


(3) 


Ges Ve Gry (4) 
was obtained. It was assumed that the f(t) for both tempera- 
ture rise, AT, and interface mavement, AL, was the same. fThis 
is justifiable from the fact that a general correlation giving 
critical wall superheat as a function of pressure and heat flux 


can be readily developed to predict the point of incipient 
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boiling [5]. For a given system there is a critical wall super- 
heat at which nucleation will commence. As system variables 
(heat flow rate and weight flow rate) are changed the point of 
incipient boiling will move in the tube. The given critical 
temperature will move either up or down the length of the gen- 
erating section. This critical temperature movement is exactly 
the movement of the saturated interface. If in an experimental 
run a given critical temperature exists at the outlet of the 
generating section and if nucleation bubbles are apparent, then 
the time variation of temperature on Thermocouple 8, after a 
change in system variables, is the same f(t) as the critical 
temperature movement with time, except that it is opposite in 
direction. For instance, if tae at Thermocouple 8 rose to a 
new higher value (observation of the boiling phenomena in the 
visual observation section would show a change from nucleation 
bubbles to slug-flow, and thence to slug-annular flow), the 
point of incipient boiling would be moving downward into the 
evaporator. 

For superheat interface movement, outlet temperature varia- 
tion with time was correlated with visual observation for a 
trend in the superheat interface movement. The wall tempera- 
ture peaks have no value, however, in locating the end point 
of evaporation. AL, can not be obtained. More emphasis must 


be placed upon visual observation. 
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Coates. Li 


RESULTS 


In the course of this study, fifty-three various types of 
runs were conducted. Nine representative ones have been pre- 
sented here. A sample calculation for Run 3-1 is given in 
TABLE VI, Appendix C. 

The results are presented in graphical form (FIGURES 10- 
38). For each run (except 101c), three graphs are given repre- 
senting: 

the SG Seale), 

2 oH f(L) 

3. AL = AL, f(t) 

The first type includes indications of the visual obser- 
vations that were conducted. The second graph in each series, 
AT. = f(L), gives the total interface movement between two 
steady state levels for a particular run. The last curve is 
the derived curve of interface movement. A summary of original 
data for all curves is presented in tabular form in Appendix D 
(TABLES VII and VIII). Calculated data for the runs is also 
included (TABLES II and III, Appendix B). 

Composite plots of saturated interface movement for W con- 
stant (FIG. 36) and q constant (FIG. 37) are also presented. 

A summary of AL, for the various runs.can be seen in TABLE I. 
Time constant, “a”, variation with W for step changes in q is” 


shown in FIG. 38. 
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TABLE I 


SUMMARY OF EXPERIMENTALLY DETERMINED AL, 


RUN W( 74 /HR ) Aq(WATTS ) Alea or) 
lb-1 15.0 591-120 2.65 
2b 2010 S8h-12).0 2250 
3-1 25.0 585-1218 ABO 
lb-1 15.0 120-591 2.60 
2b=-3 210 0 12h 0-58l, 2.50 
3b=2 25.0 120-591 PaSeXS) 
RUN q (WATTS ) AW (#4 HR ) Ale DE) 
101b 986 2520-16.5 2e20 
102b 91.6 25.0-19.5 2015 
101lc 966 16.5=25.0 C025 
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CHAPTER IV 


DISCUSSION OF RESULTS 


The results of the tests show that in all runs except 
those of Type 3 the saturated interface movement under trane- 


Sient conditions follows the general form of equations: 
a @at 
AL = AL (1 = e7*”) (5) 


The time constant of this equation, "a", is an indication 
of the time characteristics of the evaporator. In essence, it 
determines the initial slope of the transient response. FIGURES 
36 and 37 indicate that "a" is strongly a function of the weight 
flow rate, W, heat flow rate, q, and the change in these two 
variables. FIG. 38 illustrates this marked variation. Fora 
positive step change in heat flow rate, +Aq, W constant 
(Curve a), the time constant shows almost a linear relationship 
in the flows studied. In the case of negative step changes in 
heat flow nate, -Aq, W constant, "a" follows a parabolic type 
relationship (Curve b). What is apparent in both Curve a and 
ma. b is that as weight flow rate, W, increases for both +Aq 
and -4q the time constant, "a", decreases in numerical value. 
Thus, at higher weight flow rates the initial slope is 
less in response to the same Aq. Furthermore, FIG. 36 shows 
that for a +Aq, the initial slope is greater than for a =-Aq 
for the same weight flow rate, W. On the other hand, the sum- 
mary in TABLE I shows that the final AL. values for both +4q 


and -Aq are in close agreement. The values listed for all runs 
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compare favorably with a simple steady state heat balance on 
this type of system. It will be noted that the values indicate 
that the magnitude of AL in response to Aq (both positive 
and negative) decreases with an increase in weight flow rate, 
We That section of TABLE I that is concerned with AW, q con- 
stant, shows basically the same type of relationship. When 
dealing with step changes in weight flow rate, AW, q constant, 
to determine the similarity in AL, the heat flow rate, q, at 
which the measurements were taken must be noted. This had to 
be varied to maintain the desired conditions (bubble-slug- 
annular) at the commencement and termination of each run. 

As the step change in weight flow rate, AW, is decreased 
for a constant heat flow rate, q, the intial slope of the 
AL = AL f(t) curve is changed (FIG. 37). The exception to 
this general form of response was found in Type 3 runs (system 
maintained at constant heat flow rate, gq, but weight flow rate, 
W, increased). The temperature variation, Two? on Thermocouple 
8 for a run of this nature is shown in FIG» 31. An increase in 
‘temperature can be noted for a period, flowed by a@ reversal, 
and then a decrease in temperature. This would correspond to 
a saturated interface movement in a direction to increase the 
steam generating section of the vertical evaporator followed 
by a reversal in the direction of the movement. This reversal 
would cause an ultimate detrease in the length of the evapora- 
tor section. Profos [1] predicts this form of response for all 
run types that were studied in this investigation. He refers 


( 


to movement of the commencement of evaporation counter to the 
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direction of flow as an“apparently paradoxical displacement." 
The significant number of runs that were conducted during the 
course of this investigation of Type 1, 2, and h show no indi- 
cation of any displacement counter to the flow direction. It 
is felt that there is no such motion. The apparent reversal 
that was detected in the Type 3 run can be safely attributed 
to an inadequacy in the experimental apparatus. A needle valve 
was used to control the weight flow rate, W. A step change to 
valve position was considered to be a step change in weight 
flow rate, W. When such a valve is first grasped in attempting 
to make a change in valve position to increase flow, a depres= 
sion of the valve stem takes place. This depression and the 
related seat movement causes a slight decrease in flow. As 
the valve is turned the flow rate then increases to the desired 
level. The increase in temperature on Thermocouple 8 is attri- 
buted to the flow disturbance resulting from valve positioning. 
The knee portion of this curve does resemble one that has an 
exponential basis. It is felt that if such initial flow dis= 
turbances could be removed, this type of run could be matched 
to the general form presented in equation 5. 

Referring to FIGURES lo, 13, 165-19, e2, 25, 28, Bam, and 
33, the relation of the various flow regimes to the total AT 
rise in response to changes in weight-flow rate, AW, and heat- 
flow rate, 4q, can be seen. The description of the flow mechan- 
isms reported here agree with the observations of Dengler [2]. 
The contention that interface movement follows the same rela-= 


tionship as T, at Thermocouple 8 is now obvious. It can be 
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noted that the flow mechanisms occupy the same proportional 
part of each curve. The slug-annular region always occupies 
‘the knee portion of the (1 = an) curve. Purthermore, as 
"a" decreases (signifying an increase in initial slope and a 
higher weight flow rate) the time of nucleation increases. 
‘The relative portion of the curves occupied by a given regime 
for the various weight flow rates, W, and heat flow rates, q, 
involved remain the same, however. 

Profos [1] in his combined graphical-mathematical treat= 
ment of the dynamic behavior of forced flow evaporator systems 
based upon the equations of steady state conditions, derives 
expressions for displacement of the commencement of evaporation 
that are of an expotential nature. The time constant in these 
expressions, termed by Profos transport time and identified by 


the symbol, T are not in numerical agreement with the time 


D? 
constant "a" derived in this experiment. 

Profos, to simplify the basic equations which were used 
to describe the movement of the steam-and-water mixture in the 
forced-flow tube, made several assumptions. In developing his 
equations, the pressure in the whole system was assumed cone © 
stant, the thermal loading Q of the heating enads (heat fiux) 
was assumed to be the same over the whole evaporator system, 


J 
and the mixture of steam and water was considered homogeneous 


at all points. Based on these assumptions, the expression 


_ Ar © 
*D = UG Cv" = -viy (©) 
was obtained. The time constants derived experimentally are 


s\ 
not subject to the restraints of Profos. It is apparent from 


—_ 
= => ——=——> 
> = 
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the lack of agreement that any solely analytical solution of 


the momentum, energy, and continuity equations of forced-flow 
fall short in describing the dynamics of the two phase flow 
systems because of the assumptions that must be accepted to 
arrive at a workable mathematical solution. 

The superheat interface movement was investigated during 
this series of experimental runs. It was found that T Wo at 
Thermocouple 8 followed the same general relationship developed 
for the saturated interface. The time constant "a" for the 
superheat interface movement was smaller in numerical value 
than that of its corresponding saturated interface movement. 
Therefore, the slope of superheat interface movement is less 
than that of saturated interface movement. Since no ee peaks 
are present in the superheat transition region, no experimental 
determination of AL, of the superheat interface was possible. 
It is felt that the movement is less than that of the saturated 
interface and that the variation in length of the superheater 
section between two steady state conditions is less than that 
of the evaporator section between the same two conditions. A 
study of the superheat interface motion is strongly dependent 
upon visual observation of the boiling phenomena. The use of 
a pyrex glass electrical conductivity tube would have assisted 


in the visual observation of the movement of this interface. 
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CHAPTER V 


CONCLUSIONS 


le Saturated and superheat interface movement under transient 
conditions in response to step change in both weight flow rate, 
W, and heat flow rate, q, can be described by an equation of 
the general form: 


AL = 4L,(1 - roe) 


2. The time constant, “a“, of this equation is an indication 
of the time characteristics of the evaporator. It determines 
the initial slope of the transient response curve and itself 
is a strong function of weight flow rate, W, and heat flow rate, 
q.- The slope of superheat interface transient response curve 
is less than that of the saturated interface response. 

3. The total interface movement, AL,, is a function of the 
evaporator characteristics, weight flow rate, W, and heat flow 
rate, de 

4. Five regimes of boiling can be visually recognized in 
vertical tube evaporations: bubble, slug, slug-annular, 


turbulent-annular, and smootheannular. 
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CHAPTER VI 


RECOMMENDATIONS 


l. To reduce any interference that system geometry might im- 
pose on such an experiment, a radiant heated generating element 
is suggested in further studies of this nature. Another pos- 
sibility is to employ pyrex glass electrical conductivity tubes. 
With the use of such a system, the boiling phenomena under tran- 
sient conditions can be visually observed. Motion pictures with 
a time base could be employed to trace interface movement. An 
analization of such a film record could yield the time and space 
variation desired. 

2. To reduce flow disturbance at the time of step changes in 
weight flow rate, AW, a device easier to control than a hand 


operated needle valve should be employed. 
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Ae 


DEVELOPMENT OF ANALOG TRANSFER FUNCTIONS 


(2 





13 


The problem of the development of an adequate function to 
describe the complexities of two-phase flow is simplified greatly 
if a mathematical-empirical approach is employed. In such a de=- 
velopment, the assumptions that are resorted to will not cause 
serious inaccuracies in predicted results. 

As discussed previously, the vertical tube evaporator can 
be divided into three sections: preheater, evaporator, and 
superheater. The outputs (temperature, pressure, mass flow 
rate, etc.) of each section are the inputs into the following 
section. A brief sketch of the manner in which the continuity 
equation can be solved in the preheater section follows. 

Applying a control volume to the preheater section, the 
one=dimensional time-dependent continuity equation can be exe- 
pressed 


es ii = £-(M,) (a) 
e 


in which 


Substituting (b) into (a) and differentiating 


| = als dp 
“out .~ eae ee ee 


6 
e at? (c) 


The average value of a function F(x) over the interval 


a- bis defined by the integral 


F(x) = 1 i? Rieoued x 
a 





bea 


To obtain an expression for average density over the economizer 


7 


or preheater section, p(L,) must be integrated, 
pd. f Potigy av (a) 
Pe L., Q Pl. e 


The difference C2 uP in a homogeneous fluid (which applies 
to the subcooled water of the preheater) is due to a correspond- 


ing temperature difference. For any liquid 


== ome + p(T, - TL)] (e) 


in which § is the coefficient of thermal volume expansion, 
Choosing an average value of $8, B, between the design in- 


let and outlet conditions of the preheater, (e) can be expressed 


Ps 
p = p(L,) = ———=—__- (f) 
[1 : p(T, — ee 
in which Ty is the bulk temperature at x = L 
> Pec a G))) (g) 
a 
rot 


The differential equation of energy conservation governing 
the temperature distribution in a solid body in an isotropic 


stationary system can be expressed as 


3 aT 1 a2T a2 2 ar 
faa, (Xe a.) + pe E soe + ape? + Wy = PC SE (h) 


The above equation assumes the internal energy change may be 
related to the temperature change by a specific heat. 
de = © aT 
With additional assumptions of symmetry in the @-direction, 
no heat generation within the cylinder, and no temperature grad- 


ients in the z-direction, (h) reduces to 
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1a 


(=f (erS))=0 (4) 


r 


The solution of (i) involves the use of Bessel functions. 
Such a solution does not lend itself to simple analog treatment. 
On the other hand, assuming a negligible temperature gradient 
within the generating tube, which is a justifiable assumption 
since it is a hollow thin cylinder, a single value of tempera-= 
ture may be used to describe the thermal state of the tube. 
The energy balance fon a body of arbitrary shape with negli- 


gible temperature gradients may be written 


ey T)dt = Vp 6 aT ( 5) 
For the generating tube under consideration, (j) can be 
expressed 


an ie L h(t, = Tyg at = an(r. = r,)L P ot Co at (k) 


ia and he are assumed constant. This is a reasonable assump=]= 
tion for the firebox of a@ monotube boiler. Although specific 


heat of a metal is a function of temperature 
Cp = a, + ant + ai,t® + coe 


Cp is assumed constant. The value for Fe varies very little 
from 1,00°F to 2500°F (expected operating range of subcritical 
monotube boiler) . 


Ib UL00 1600 1800 2000 2260 2500 
Mee © .1o7 Ocl70 Gud6O® Or68 02167 40.4167 


Expressing (k) in the form 


rong (T, 2 T yy) at = Ce = Ts) Pot Cp q(T, ~ De) 
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and integrating 


T eT “rh 
gr wie _ - os 
= = exp (Te =P, JO eR © (1) 
T, Twil ie Je P ot 
or 
Twi2 = Ly rc (T - Tys7) ©xP He 2 aa (m) 
Expressing 
= rh, 
= (Py = Py) Po, OP 
(ae Pot C 
and substituting into (m) 
» <a 
T Wwi2 a He = ¢ ) + T wil (n) 


The total thermal resistance, R, of the inner surface of 


the tube to heat transfer can be expressed 


According to the thermal circuit concept 


Q wi oaths 
na aie 
or 
SE hk ay (0) 
Substituting 
A, = 27 rb, 


and transposing, (0) can be expressed 


z ee | eee 
Tp ew how r,h, (p) 


T Wi and Ly are time dependent variables. T wd is expressed by 


(n). The experimental work of this thesis showed that saturated 





as 


interface movement, AL, could be expressed as 


AL = Abe 1 =e”) 


= -at 
or "e. = "a, + AL (1 e ) (q) 


The heat transfer coefficient, Nes can be expressed by 


the standard McAdams expression for forced connection 


h G6 | 
i, Cpu 0.02 
(ep, a) a (G D, Oe2 
Ld 


in which subscripts refer to the various temperatures at - 
which fluid properties are evaluated. 


Substituting (q) and (n) into (p) 


wah) ———————— (r) 


+ ee = mare 
QT rns lh, + AL (l-=-e )] 


b wi, 


the expression that was sought in (g) is obtained 
T) = TLlh,(*)) (g) 


Substituting (r) into (f) an expression for p(L(t)) is obtained 


) 
pie. ( 1G) ) FE a (s) 
4 [1+p (Gh, (dace *) --_--2___-__------:; -T \) 
Loe an rah [L, + AL (l-e9*") : 
ale <a) oo 


If (s) is substituted into (d) and the results integrated an 


expression nOmaoe is obtained. Referring to (c) 


- dL, dp ,, 
Sante acne a awake va dt.) (¢) 


S] ae 


it is apparent that all variables and constants required to pre- 


dict Wo are available. Furthermore, they are of a nature that 
e 


yields to ready placement into analog form. 





Be 
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TABLE II 


SUMMARY OF FITTED CURVE VALUES, AT 
Run: Llbel 


Flow Rate: 15 #/HR 
Power Level Step: 591 to 120 Watts 


fabee kt) = en”) 
AT = TiO 


AT = 62.7 t = 3.25 


- Af = AT 
-1n( wie) 
a= rs st 
-1n( ALO) — 22: ) 
ne ee 
a= 0.576 
AT = 7.0 (1 = oe) 
0 S76t S50 oe — eee. AT 
0.5 0.29 0.750 0.250 18 
1.0 0.58 0.562 O 38 Ce. 
21 1s Dass 0.68 50.5 
00 ee opAalrdy, 0 823 60 9 
es 2 630 0.100 0.900 65.5 
5.0 2.88 0.056 0 hy 69 67 
660 ot Ox@32 0.968 71.5 
60 es 0.018 0.982 72 6 
8.0 1 660 0.010 0.990 rec eeell 





AT = AT (1 - 


o © © ® @ 0 @ 
eS.) 222 2 2 OM 


CGN OIF WMH O) ct 


oe 69 


TABLE II (CONT.) 


lboel 
Flow Rate: 15 4/HR 
Power Level Step: 120 to S591 Watts 


a 
AT = 62.0 
aT = Som t=) 
AT. - AT 
-1n( —yr—) 
a = a ee 
62 20 = e 
_ wint=“g5567_? 
a= ae 
a = 0.56 
AT = 62.0 (1 = en lnPot) 
0 56+ 970 Dot (1 = g70 25Ot) AT 
O28 02750 O ea 15.2 
0.56 0.571 O 29 
ele 06326 Coie 42.0 
1.68 0 6189 Oro ue 50 5 
2 2h 0106 0 89), 55. 
280 0.062 0.938 59 ol 
3.36 0.035 0.965 59.8 
92 0.019 0.981 60 9 
> 0.011 0 09 89 61.2 


26 .6 





81 
TABLE II (CONT.}) 


Run! 26 
Flow Rate: 20 #/HR 
Power Level Step: 58 to 1240 Watts 


aT = AT (1 = e7*") 


AT = B89 of 


oo 


AT = 78.3 foo | 


a= O9 
a = 0.516 
AT = 89 ee ( 1 of ga0 0516t ) 
t 0 S16t e7OebL6t = Lg 0-5 16b Ar 
05 0.268 Cmmos 0023 Pilea 
Lae 00516 0.596 O ol.0 36.2 
220 1.030 00357 0 6,3 57 6 
50 1.550 Omel2 0.788 70 06 
FO 2.065 Ond27 0 2873 78 ol} 
6.0 ~100 0 O45 0.95 B85 06 


8.20 e130 02016 0.98 88 1 





2b=3 


aT = AT (1 
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TABLE II (CONT.) 


Flow Rate: 20 #/HR 
Power Level Step: 120 to S58 Watts 


_ ea) 


Syl 
fhewx® 1) ats 
AT. - AT 
a) 
= 
‘od li = on 
a -1n( ie ) 
7 
= 0311 
=Jeies (1 = 7 Hf 11t 
0 ht 970 eH 11t 1. 570 HL lt a: 
0205 0.81) 0.185 15.0 
O11 0.662 02936 27min 
0.822 0 439 0.561 ls .6 
1.230 0.292 0.708 57 5 
1.64.5 Ogilge 0 e807 65 5 
22055 0.128 Oteq 2 70 9 
2 lt. 60 0.085 @ Syl Teal 
2 6880 0.056 09 76 6 
3.285 015037 0.963 7 Oral 
3-700 0.025 0.975 79 ol 
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TABS Ll (CONT, ) 


Run: 3-1 
Flow Rate: 25 #/HR 
Power Level Step: 585 to 1218 Watts 


aT = AT (1 - Sea) 


AT = 98.0 


0 


AT = O7 af t= 5 


aT. - AT 
sina? 
a = ra 
8.0 = 87.7 
mies ==) 
A 98.0 
a= 0 lt 51 
AT = 98.0 (1 = 70 eb 51t ) 
t 0 Slt e7OeS1t oy _ Qn 5 1t AT 
05 0 226 0.798 Ge202 19 8 
1.0 O51 0 0636 0.364 35.67 
he 0.903 O Lol, 0.596 58.5 
20 16355 0.258 O72 Ode 
io 1.805 0 o16ly 0 836 82 .0 
5 0 2.260 Oumol: 0.896 88 20 
6 0 20 0.067 0 6933 91.5 
Ae 3-160 0.0.2 0.958 9, 60 
8.0 2610 0.027 0.973 95. 
9 0 e060 O07 0 9 83 96. 





Bly 
Tiere Ll (CONT. ) 
Run: 3b=2 


Flow Rate: 25 #/HR 
Power Level Step: 120 to 591 Watts 


aT = aT_(1 - e7@*) 

AT, = 95.6 

aT = 75.6 t = 25 

AT. - AT 
ea 
asx 
~In(2 = a 26) 

“os ae 

a = 0.369 

AT = 95.6 (1 - 9 023098) 
t 0.369t ene 4 = ew Oo AT 
O65 O18, 0 6832 0.168 Gea 
1.0 0 369 0.692 0.308 29 ol 
Dae 0.738 0 478 0522 9.9 

ZO I Ie Oso. 0.669 63.9 

- veri 0.229 On: feos 
5.0 Herat al 0.158 0.82 80.5 
6.0 2210 Sle) 0.890 85 .0 
7 0 2 «580 G S075 0.9 88.2 
8.0 2 950 0.055 0.915 90 ol} 





Run: lOlb 


AT = AT (1 = e 


AT 
AT 


wo 
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TABLE II (CONT.) 


Power Level: 986 Watts 
Flow Rate Step: 25 #/HR to 16.5 MWHR 


=a 

26 

Os 7 ee 
AT = AT 


a et 


oo 


t 


® a » 
~in(22 — Z) 


O lL 35 
12.7 (1 = 970 435t) 


970 435t 


1 Pa ol 356 


O lL 35t AT 

0.218 0 .80l, 0.196 2 9 
O lL 35 0.61.7 0 0353 4 9 
Oneal 0.418 0.582 7 039 
105 Oren: 0 «730 9 29 
a7 lin@ Onno 0 82h TORS 
2.180 Oa llils 0 «887 11.30 
2 «Gl 0 Onene 0 920 11.70 
3.015 0.01.8 0.952 1L2wt0 
3 1180 0.031 0.969 T2820 
3920 0.020 0 980 12 ‘he 


a 
a. = 
ax 
AT = 

t 

05 

Led 

PRO 

te 

HO 

5 0 

S60 

7%0 

8.0 

9.0 
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TABLE II (CONT.) 


Runs 1l02bd 
Power Level: 96 Watts 
Flow Rate Step: 25 #/HR to 19.5 A/HR 


aT = aT (1 - 07 **) 
ap = 9.7 
aT = 7.7 +t =3 
AT. = AT 
ac a na 
a= = 


t 


Sri yee res 
Se Leer ky ae 


3 
a= Q 0526 
AT — 9 Ae ( 1 os ame 526t ) 

t. 0 0526t 47° o526t 1 = a70 5266 AT 
O25 0.26 Oeoe 0.232 2.25 
0 0 6526 0.590 0 1410 3.98 
2.0 1.055 0.348 0.652 6 232 

ve 1.580 0.206 0679. Too 
, 2 ko 0.121 0.879 8.52 
5 0 2 2635 0.07 0.926 9.00 
6 20 3.160 0.02 0.958 9 230 
720 a 0.025 0.975 9 lt 5 
8.0 0210 0..015 0.985 9.55 
9 0 6 7LL0 0 2009 0.991 8) gel 
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TABLE III 
SUMMARY OF COMPUTED CURVE VALUES, AL 


Run: lb-l 


Flow Rate: 15 A/HR 
Power Level Step: 591 - 12h0 Watts 
ae 7.or(1 = 970 5 76t) 
P(E -wer 22") AL = 2.66 


AL = AL f(t) 
Mig 2865 (1 o ergot”) 


(1 = 9702576, 


tc 
05 0.250 
9.0 Onis 
2.0 0 68 

00 0.823 
20 0900 
5.0 0 9h 
6 20 0.968 
7420 0.982 
8.0 0.990 
Runs: lbel 

Flow Rate: 15 #/HR 
Power Level Step: 120 - 591 Watts 

ar = 62.0 (1 - @70 25ot) 4L,= +2 .6 
(= 2.6 (1 - 2 Wozen 
+ (ol =, 970 5ot) 
0.5 O eal 
Tee O 29 
eo Son 
a @ sha 

00 0 89), 
5 0 0.938 
oO 0.965 
7 0O 0.981 
Ce 0.989 


AL 


-O 0665 
@1.190 
«1 5610 
=2 oe 
-2 o3 85 
=2 e500 
=2 560 
=o e600 
-2 .620 





ie oben 


AT 


AL 


t 


05 
1 -O 
2 0 
= 

«0 
5 0 


6 20 
7 00 
8 .0 


Run: 


4T = 81.3 (l-e 


AL = 2.50 (1 - e OH ty 


t 


065 
1 .O 
2 eO 


20 
1a 
5 20 
6 20 
a0 
Gy.0 


2b 


G97 (1 = 
-2.5(1- 


2b-3 


Flow Rate: 
Power Level Step: 


g7Oe516ty 


970+ 516t y 


Flow Rate: 
Power Level Step: 


“Oh 11¢ 


PAS Tire eConr. } 


88 


20 #/HR 
58) - 12h0 Watts 

AL, = -2.5 
(oll - e70e516ty AL 
0.23 -0.587 
a 
te -tsen? 
0.873 -2.185 
0.955 -2.390 
0.98) -2 160 

20 ZA/HR 

12h0 - S58 Watts 
4, = 2.50 

Gis eo Oe4llty AL 
0.185 O46h 
O. 338 0.6.6 
0.561 1.405 
0.708 Leas 
OGEO7 2.025 
9h 2299 
en 2.360 
0.963 2410 
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TABLE Til (CONT. ) 
Runs 3-1 
Flow Rate: 25 #/HR 
Power Level Step: 585 to 1218 Watts 


AT = 98.0 (1 - e C451 y 


AL,, = -2.30 

AL = -2.30 (1 - e OHS1t 
t 1 - e704 5it AL 
0.5 0.202 -0.65 
1, 0.36) -O,. 36 
te 0.596 “1e315 

20 0. 72 -1.710 
bio 0.836 -1.925 
520 0.896 -2.065 
6 20 0.933 -2.150 
es 0.958 =-2.210 
870.0 0.973 ~2 .2h0 
Run: 3b=2 

Flow Rates 25 #/ HR 
Power Level Step: 120 to 591 Watts 

Mm 05.6 (1 “ere 7) AL = 2.3 
AL = 2.3 (1 - er OF 3890) 
it (1 - eos AL 
0.5 0.168 Ov 8G 7 
130 0.308 0.709 
2.0 0.522 Ne 21010 

0 0.669 1.50 
boo On? | 1,760 
5.0 0.82 1.94.0 
6.0 0.890 2.050 
30 0.92h 2.125 
S.@ 0.945 2.180 
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TABLE Lil ( CONT.) 


Run: 101b 

Power Level: 986 Watts 

Flow Rate Step: 25 #/HR to 16.5 #/HR 
AT = 12.7 (1.27 (1 - e70:3%5t) Mogg CREE 
Poet 20.2 (eee > 2”) 
. (1 - e70-345t) Re 
0.5 0.196 -0.431 
iV. 0.353 -0.776 
2.0 0.582 Wy eye 
3.0 0.730 aol 
4.0 0.824 -1.815 
5.0 Oder -1.955 
6.0 0.920 =2,030 
7.0 0.952 -2.095 
8.0 0.969 -2.135 
Run: 102b 

Power Level: 946 Watts 

Flow Rate Step: 25 #/HR to 19.5 #/HR 
AT = 9.7 (1 = e70+9266) Al = -2.15 
Preeeris eters >") 
(1 - e70-526t) AL 
0.5 D288 -0.499 
1.0 0.410 -0.881 
2.0 0.652 =1.405 
3.0 0.794 © 
0 0.879 -1.890 
5.0 0.926 -1.995 
6.0 0.958 | -2.060 
1.8, ‘ 0.975 -2.100 
8.0 0.985 -2.120 





Co 


SAMPLE DATA AND WORK SHEETS WITH CALCULATIONS 
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TABLE IV 


TEMPERATURE MBASUREMENTS DATA SHEET 
Date: 21 Feb. 1963 


Fun; 3-1 
Rotometer Setting = 19.5 
Equivalent Flow = 25#/hr 
Thermocouple Type = IG Location ~ 8 


Power Level = 585 Watts V = 80 I = 7.3 Ref. Temp. = 75.0°F 


Time Pot. Reading Temperature Comments Time Pct. Reading 
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TABLE IV 
TEMPERATURE MEASUREMENT DATA SHEET 


Te mp ras 








DATE? 2) Feb. 1963 


X.C. Locations 


TIME 
0.00 
0.25 
0.50 
0.18 


3.25 


RY 


00 
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00 
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TABLE V 


Power Level Step: 565 Watts to 
FLOW =: 2p ro Watts 


ors a DIL Above Sep] 


me oe ie 
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TABLE V 
TEMPERATURE WORK SHEET 
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TABLE VI 
SAMPLE CALCULATION SHEET 
mus 3 3-] 
Assuming an equation of the form 
AreewAT (1 - enon) 


From WORK SHEET 


AT, = 47, = 98.0 
and 
A = ° 
ve ov e7 
Now 4T = AT, - at e 2 
AT,, - 4ST _ gcat 
SURE 
1) oar Sg eae syd 
SyAlgue © =o” 
AT, - AT 
~1in(—yyr— } 
a= rs 
a — 
os 
-1n(10.3/98.0) 
a — A 
5 
of mim 0.105 
a paves 
a = O51 


and AT = 98.0 (1 - e e451) 
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TABLE VI (CONT. ) 


TO OBTAIN POINTS OF COMPUTED CURVE 


O.W61t 270-4 5lt Le eres lt 
0.226 0.798 0.202 
O51 0.636 0.36 
0.903 0.404 0.59 
16355 0.258 0.72 
1.805 0.16) 0.836 
2.260 Col 0.896 
Caf LO 0.067 0.933 
3.160 0.02 0.958 
one 0.027 0.973 
2 06 O 0.017 0.983 
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TABLE VII 


TRANSIENT TEMPERATURE AND VISUAL RESPONSE 
THERMOCOUPLE 8 


Rotometer Setting: 13.0 Date: 26 Feb. 1963 
Equivalent Flow: 15 #/HR Run: lb-1 

Thermocouple Type: I.C. Power Level Step: 591 Watts to 
Location: 12h0 Watts 
1 Potentiometer Visual Temperature At AT 
(Minutes ) (eV. ) Code 18 From Step From Step 
0.00 5.96 B 235.0 Ara 0.0 
0.25 Sak B She 4 00625 Bs 
0.50 6),0 B 29 » 3 0.50 i 3 
0.75 6.68 S 258.7 0.75 CanT 
iO00 6.94 8 26783 1.00 2 3 
1.25 7019 S 275.0 25 fas 
1.50 Tea s CTE 0 1.50 42.0 
ey? S te SA 283.0 ies de) 0 
2.00 760 SA 266%:7 2.00 5367 
2025 Teor SA 291.0 2225 56.0 
2050 oats SA 29, 0 2.50 * EGO 
ea S 7 oe SA 29, 27 2.75 59.7 
3.00 Tos SA 296.3 3.00 61.3 
3225 Tod SA 297-7 3.25 62.7 
3-50 7290 SA 298.7 3.50 63.7 
aE 79h SA,SA 300.0 ae 65.0 

300 7296 SA, SA 300.7 SOG 6567 
ees 7298 SA,SA 301.3 e2s 66.3 
4.50 8.03 SA,SA 302.8 4.50 Gree 
475 aa == ae 4.75 = 
5.00 8.05 SA,SA 303.3 5.00 68 . 3 
5.25 G5 07 SA,SA 30.20 5625 69.0 
5-50 8.08 SA,SA 304. 3 5250 69.2 
5.75 8.08 SA,SA 304. 3 5-75 69 3 
6.00 SislO SA,SA 305.0 6.00 70.0 
6025 mau SA,SA 306.3 6025 fil 
6.50 Ok SA,SA 306.0 6.50 FEES. 
6075 8 21L SA,SA 306.3 Ceo yisllpee 
7200 Ze Ie SA,SA 306.0 745 16, TaleeO 
7025 Os SA,SA 206.7 72S 7 all 
7250 Siena SA,SA 2070 7250 Tene 
7075S Grek SA,SA 307.0 7°75 Toc 
8.00 8.15 SA, SA 20607 B00 Flan f 
6.25 ey lly, SA,SA 307.3 8.25 Tea 
8.50 8.18 SA, SA 307-7 8.50 7207 
8675 == == -- 3675 = 
9.00 8.22 SA, SA 309.0 9.00 Ge) 
9250 Gmee CA on 309.0 9.50 Dee 
10.00 8.22 SA,SA 309.0 10.00 Vlas 
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TABLE VII (CONT. ) 


Rotometer Setting: 13.0 Date: 26 Feb. 1963 
Equivalent Flow: 15 #/HR Run; lb-1 
Thermocouple Type: I.C. Power Level Step: 120 Watts to 


Location: S91 Watts 
t Potentiometer Visual Temperature At AT 
(Minutes ) (M.V.) Code From Step From Step 
16.50 Graz SA,SAsSA Gonee7 0.00 C0 
16275 8.09 SA,SA,SA 304.7 0,25 6.0 
17.00 Teco SA,SA,SA 295.3 0.50 15 lh 
7.25 7°57 SA,SA 28727 0.75 Bane 
17.50 Tee SA,SA oom] i OO 241 © 
e715 7029 SA,SA Cie { 1.625 32.0 
Ako wyere Wok] SA,SA Dien 1.50 Bone 
18.25 7208 SA,SA 27 ley 1675 9.0 
18.50 rd SA, SA 267 «3 2200 ean 
18.75 6.8 SA 2656 2025 er 
19.00 Gee SA 563.4 250 hyd ee 
19025 Ge SA 25927 2075 Bg 0 
19.50 Sigal SA 25967 3000 51.0 
19.75 6.66 SA 258.0 3225 5207 
20.00 6.62 SA 256.7 3.250 5u..0 
20.25 6.58 SA 25543 a Sool 
20.50 6.58 SA 255.3 » 00 55 ol. 
20.75 6.56 SA 25.7 .2s5 56.0 
28. 00 ree S,8 25.63 4.50 56 oy 
2 els 6. 5h S,S 25.0 ne7S bony 
21.50 6.52 S,8 253.3 5.00 57 oly 
2a rt s,s 252.7 52S 58.0 
22.00 6 olL7 S 251.7 5.50 59.0 
22.25 619 S 252.3 5675 58.4 
22250 a 8 =f 6.00 =—— 
22.675 Ce Ss 250.7 6.25 60.0 
23200 616 S 252.3 6.50 59 ok 
Eo. 2S 6.1.6 Ss 251.3 6.75 59 ol 
23.50 ~~ Ss -- 700 — 
23.75 -- S -- 725 = 
2h 200 6.2 8 250.0 7+50 bO ay 
225 -~ s -- Tors =< 
2.250 62 B 250.0 8.00 6CGa7 
2.675 aoars B a 8.25 oes 
25200 6.2 B 250.0 8.50 60m 7 
25025 6.38 B Zine | 8.75 620 
25650 Gna B QS 9.00 62.0 
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TABLE VII (CONT. ) 


Rotometer Setting: 16.5 Date: 26 Feb. 1963 
Equivalent Flow: 20 #/HR Run: 2b 


BS Ngee Type: I.C. Power Level Step: 58h Watts to 


ee aia Ora: 120 Watts 
t Potentiometer Visual Temperature At at 
(Minutes ) (M.V.) Code OF From Step From Step 
39.00 5.36 B AUS 216 ~00 0.0 
39.25 5.62 B Cosa i 025 Gini 
39.50 5.98 BB 235.7 0.50 2 Ona 
9.75 Geeta BB PNB se 0.75 C7 as 
0.00 6.1.0 BB 29.3 00 He 
hO.25 6.62 BBB 256.7 1.25 ie: 
40.50 6.82 BBB 263.23 1.50 iGree 
hOw75 (ols BBB 2733 1.75 5365 
41.00 VOLE S Pais 52 2.00 58.3 
W1.25 Tage S 27967 2.25 Clie 
inles 5 © Tne SA 282.3 2.50 673 
h1.75 Ve SA 286.3 2675 (ore 
42.00 ol) SA PUSS.) 3 3.00 7265 
N2.25 Foie SA 290.0 3.25 To ae 
42.50 7 Om SA 291.0 3.50 76.0 
42.75 -- SA -- be -- 
13.00 Teen SA,SA 292m JOO 7oeg 
3.25 -- SA,SA -- Wes ~ 
13650 7280 SA,SA 29543 4.50 80.3 
ieee -- SA,SA as ue75 ae 
00 7.85 SA, SA 297.0 5.00 82.0 
bh .25 -- SA, SA -- 5625 -- 
uh.50 Fioele SA,SA 298.0 5.50 ae 50 
Wh e75 == SA, SA -- 5675 == 
45.00 7-92 SA,SA 299.3 6.00 8h . 3 
5.25 7-94 SA;,SA 300.0 6.25 B50 
uS5.50 7296 SA,SA 300.7 6.50 65.7 
Noe75 79 SA,SA 200n0 6.75 65.0 
46.00 -- SA,SA -- 7200 -- 
6625 7298 SA, SA SALA 1225 86.3 
46.50 -- SA,SA -- 7250 ~- 
46.75 -- SA, SA -- 7°75 == 
alee) 8.00 SA,SA B02n0 8.00 S720 
418.00 8.02 SA,SA 302.5 9200 87.5 
49.00 8.05 SA, SA 2023 10.00 G6s3 
50.00 G08 SA,SA LON Lisco 89-3 
51.00 8.09 SA,SA 304.7 IL (010) 89.7 
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TABLE VII (CONT.) 


Rotometer Setting: 16.5 Date: 26 Feb. 1963 
Equivalent Flow: 20 #/HR Run: 2b-3 

Thermocouple Type: I1.C. Power Level Step: 120 Watts to 
Mocation: © 58) Watts 
t Potentiometer Visual Temperature At AT 
(Minutes ) (M.V.) Code OF From Step From Step 
66.00 8.20 SA 308.3 0.00 0.0 
66.25 8.02 SA 302.0 0.25 5.8 
66.50 Tae SA 292.0 0.50 16 
66.75 7-5 SA 2070 Ons el.& 
67-00 Tae SA 279.7 1.00 28.6 
6725 720 SA 275-7 1.25 32.36 
67.50 ae S| 270.3 Paste 36-20 
67675 609 5 268.5 1.75 9.8 
68.00 6.85 5 26), . 3 2.00 Lio 
68.25 6.70 S 261.3 2025 47.0 
68.50 6.68 Ss 258.7 2.50 49.6 
68.75 6.61 BBB 256.3 2S Bae 
69.00 6.5) BBB 254.0 3.00 Sh 3 
69625 -- BBB -- 3.25 -~ 
69.50 6.1 BB 29.6 3.50 58.7 
69.75 6.35 BB 2476 ee eek? 
70.00 “6600 B 26.0 00 62 3 
70.25 6.23 B 2.3.8 W.25 6.5 
70.50 6.18 B POs 4.50 66.0 
70075 2S B “ 475 == 
71.00 6.07 B 238.6 5.00 697 
71.25 -- B -- 5.25 -- 
71.50 6.0, B 23767 5.50 rere 
71-75 ai B a 5-75 ha 
72200 5.94 B 213.3 6.00 65.0 
72025 -- B -- 6.25 -= 
72.50 5.90 B 233.0 6.50 7503 
fee (5 a= B ar 6075 ae 
73200 5.86 B 231.7 7 OO) Zeno 
13025 =< B == Teo ie 
73-50 5.82 B 230.3 7250 Tee 
We s B .~ FoUS mi 
7 00 5.82 B 230.3 8.00 78.0 
7h 25 5.72 B 2270 9025 Gal, 3 
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TABLE VII (CONT.) 


Rotometer Setting: 19.5 Date: 21 Feb. 1963 
Equivalent Flow: 25 #/ HR RUM.) 32 


Thermocouple Type: I.C. Power Level Step: 585 Watts to 
Location: 8 1218 Watts 
19 Potentiometer Visual Temperature At /agall 
(Minutes ) (M.V.) Code F From Step From Step 
15.00 1.76 B 195.0 0.00 0 
15.25 1.98 B 202.3 0.25 T 03 
15 .50 5 20 B 209 7 0.50 Line 7 
15.75 5 Slt B 221.0 Chis 26 .0 
16 .00 To B 226 .3 1.00 la 
16 .50 6.12 B,B ee3 1.50 lS 23 
16 «75 6 628 B,B 25 23 I Fas 50.0 
7 000 i je Ale aia 2.00 56 oc 
17 «25 6 .63 B,B 257 0 2.25 62.0 
17-50 6470 ie Bale 261.3 2.50 66 23 
17.75 6 .88 B,B,B 265 23 275 qlee 
ie. OO 6.98 B,B,B 268.5 3.00 735 
18.25 7 Olt B,B,B AUTOS 3.25 Tees 
18.50 Talo Sha segs! 271.6 3-50 fle) AF 
18.75 7 «16 S 27h 03 eae 79 03 
19 .00 71 s20 S 27567 200 80 7 
19 25 7 28 2, 278 3 25 83 3 
19 .50 yore i 280 23 50 85 23 
19.75 Tao 281.0 75 86 .0 
20 .00 7 ell gee] 5.00 87 of 
(20 225 --- =< 52d oe 
20.50 7 li8 285 .0 5 50 900 
2075 7 «50 285.7 Beh 90 e7 
21.00 752 286 .3 6.00 91.3 
21.25 7 Sly 257.0 6.25 92.0 
el 050 7 056 287 05 6 50 92 05 
21675 758 288 20 6.75 93.0 
22 00 7 260 288 67 72 (ONO) 93 7 
22 025 7 Oly 290 .0 7 25 95.0 
22 50 7 26h. 290 e0 7 50 95.0 
22 75 7 065 290 03 7°75 95 03 
23 200 oo -- 8.00 = 
23 025 7 06 290 ef 8.25 95 of 
23 50 Til O 292.0 8.50 97 0 
Ae 7e7l 292 03 8.75 97 03 
200 7 208 289 23 9.00 9h, 63 
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TABLE VII (CONT. ) 


Rotometer Setting: 19.5 Date: 25 Feb. 1963 
Equivalent Flow: 25 #/HR Run: 3b-2 


Thermocouple Type: I1.C. Power Level Step: 1240 Watts to 
Location: Sol Watts 
2 Potentiometer Visual Temperature At AT 
(Minutes ) CMa Ver} Code OF From Step From Step 
82.00 8 1h SA 306 43 0.00 0 
32025 7 089 SA BV 2 Ones 6 
32.50 Woes Ss 290 +3 0.50 1S 20 
32.675 7 50 S 285.7 0.75 20 .6 
ber-00 76 S Pais, 6 1200 3133 
33.25 TO S Paes 1.25 3.0 
33 050 6 9h BBB 267 3 1.50 39 0 
3375 -- BB == Las a 
3.00 6 667 B 258 3 2.00 iB SO 
34.625 rae B 2c) «7 2.25 51.6 
3, 50 6 lL 8 B ae 2.50 5.3 
34.675 6 032 B 6 67 2.75 59 26 
35 00 6618 B alu? .3 3.00 6h, 20 
Berke og = =— 3425 -- 
35 50 6 Ol B BE Sa 3550 68.6 
35.75 5 Ih B 23h 23 pb -28 72 0 
36 .00 on - == “106 me 
36 625 5.8 B 230 67 bh 25 75 06 
36 50 5 67 B 227 7 650 78. 
36 675 “= B -- lanes “2 
Kore) 5.70 B 226 23 Ss S60. 80 .0 
37 025 == B == Ses ie 
B50 5.59 B DED 7 sete 83 6 
3775 as B Ss 575 ae 
38.00 Slee B 220 e7 6 .00 85 .6 
215) 5 fast —_ B a 6.25 =< 
38.50 iS 0 B Bioeng 6.50 86 .6 
38675 a B “= 6.75 ee 
39 200 5 oll Be 217 2 7 00 She ar 
39 25 ne B hic Tees _ 
39 50 5S elit B PL a a fos 88.6 
9-75 we B Bee 7°75 = 
O00 5 lO B Bile 53 8 .00 90 .0 
41.00 5 3h B 21S 9.00 9230 
42.50 5 627 B’ 2A 10.50 9h 23 
ia. OO 5 25 B Panis 11.00 95 20 
oo Gig23 B 27 12500 95 06 
hs .00 5 23 B 2s 7 13.00 95 06 
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TABLE VII (CONT. ) 


Power Level: 986 Watts Data: 2 March 1963 
Thermocouple Type: I.C. Rum:  lOlb 
Location: 8 Flow Step: From 25 #/HR to 
16.5 #/HR 
6 Potentiometer Visual Temperature At AT 
(Minutes ) (MeV.) Code On From Step From Step 
0 200 7 «89 B 298.3 0.00 O 
0.25 792 B 299 23 0425 abe: 
0.50 7 96 B 300.5 0.50 2.2 
0.75 7°99 B 301.5 0.75 ec 
1.00 8.02 S ORNs 1.00 oe 
1.25 8.08 S 30 63 1.25 6 20 
iO 8.09 S 30), 66 1.50 6. 
17S 8.12 S 305 7 1.75 mg 
2.00 8 lh Ss 306 23 2.00 8.0 
2.25 8 el SA 306 23 2025 8.0 
2 50 = SA a 2.50 - = 
2-75 8.16 SA 307.0 2075 ORY 
3-00 Pans SA BOT 3.00 9.0 
3-25 8.20 SA 308.3 3225 1020 
3-50 8.20 ve) 308.3 350 1608 
75 8.22 SA 309.0 °75 ere7 
200 8.22 SA 309 .0 et omy 
25 Gme22 SA 309 .0 Wh 25 10 07 
650 8 023 SA 309 3 650 Lae 
Nb e75 == -- -- 675 ~~ 
5 00 8 .2h SA 309 .7 5 00 sige 
525 8 2h SA 309 67 5 25 1h 
5.50 8 2h SA 309 67 5 50 11 
5075 r= =— ain Bots) -— 
6 200 8.25 SA 3019) .0 6 600 aly 
6 25 8.25 SA 310.0 6425 Taleg 
OF50 8.26 SA ecm 6.50 120 
6.75 8.26 SA 21033 6.75 1230 
7.00 8 26 SA Blons 7 000 120 
7 25 — = == 7 025 oy 
7 50 8 26 SA 310.3 7 050 12,0 
7075 8.26 SA ules Tuoties 12 
8.00 == == a= 8.00 == 
8.25 8.27 SA ory, 8.25 ae gil 
8.50 ae = ee 8-50 aug 
8.75 Bee SA 31047 8.75 bey 
9.00 Beis: SA Lye 9.00 Le saif 
9 50 Sey SA 310.7 9 50 12 ih 
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TABLE VII (CONT. ) 


Power Level: 966 Watts Dates 11 March 1963 
Thermocouple Type: I.-C. Run: .dOle 
Location: 8 Flow Step: From 16.5 #/HR to 
25 #/HR 
ec Potentiometer Visual Temperature At AT 
(Minutes ) (M.V.) Code Op From Step From Step 
0.00 8.12 SA 305 67 0.00 O20 
0025 Greate SA 306 20 0.25 +0 3 
0.50 Geu3 SA 306 20 050 +0 03 
0375 AILS SA 306 .0 OTE +03 
gore 8.13 SA 306.0 saree +0 63 
1.25 8.11 S 2s oe 1425 O ol 
1350 8.10 S 305.0 1.50 One 
1375 8.09 S Boll. 7 175 (9 
2200 8.06 S BOs Ag 2.00 2.0 
: 2025 oo B ies Yd 025 == 
2.50 8.02 B 302.5 2a Oo 3.2 
2075 ee B ae! 2075 = 
3.00 7 98 B 301.3 3-00 Molt 
Bees oo B oe 3.25 au 
3.50 7 96 B BO Omit 3.50 cate 
ete 7 9h B 300 .0 ee 5 67 
200 7 9h B 300.0 200 567 
ees 7 Gal B 299 .0 1.25 Gay 
is50 TO B 298.7 50 Tao 
75 7 090 B 298.7 he 75 eo 
Sele, 7 88 B 298.0 5 00 7 of 
5 25 Tee B 297 e7 G25 8.0 
5.50 7 S00 B 297 03 = 50 8 ol 
5675 7 86 B 297 03 5675 8 alt 
6 200 7 Bl B 296.7 6 600 9.0 
6 625 7 085 B 257,60 6 625 Bay 
7 «00 703 B 296 23 7 00 9 elt 
8.00 f¢ ical B 295 67 8.00 16,0 
9.00 7 680 B 295 03 9.00 10 aH 
10.00 THEO B 295 «3 10200 Losin 
11.00 7 «80 B 295 «3 11.00 10 ol. 
200 ff HE B 295 23 Ta00 Ogu 
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TABLE VII (CONT.) 


Power Level: 96 Watts Date: 2 March 1963 
Thermocouple Type: I.-C. Run: lO2b 
Location: Flow Step: 25 #/HR to 
19.5 7#/HR 
iG Potentiometer Visual Temperature At Au 
(Minutes ) (M.V.) Code en From Step From Step 
0.00 7aoe B 301.3 0.00 0.0 
0025 8.00 B 302.0 0.25 0.8 
0.50 8.05 B Bens 0.50 2.0 
0.75 8.08 B Bole, 3 0.75 20 
1.00 611 B 305.3 1.00 {10 
1.25 g.13 S 306 .0 1.25 ge 
a0) 8.15 S BGce7 1.50 "S olf. 
fee 75 8.15 S 306 07 1.75 5 elt 
2.00 Onl] S 307 23 2 00 6 .0 
225 8.19 ) 308 PLO) 2025 Ou? 
2 50 == S -- 2 50 —_ 
2.675 -- S =- 2.675 -- 
37.00 8 22 SA 309 .0 3.00 aut 
3 025 pauecoad SA icy 3 e025 —s 
3.50 8 2h SA 309 .7 3.50 otal 
°75 se SA 309 3 °75 8.0 
200 8.2 SA 309 .7 200 8 ly 
25 8 2h SA 309 07 s.25 8 oly 
1 650 8.25 SA SOAS 4 50 Bay) 
675 -- =< =~ e75 == 
5.00 8.26 SA BalOs.3 5.00 9.0 
5.25 8.27 SA 310.7 5 25 one 
5.50 Cree SA 310.7 5 50 9 oly 
Sym fs) “S a = 5075 2 
6 £00 8 626 SA sullen! 6 .00 9.0 
6.25 8 627 SA Blow 76 6 25 9 ol 
6 650 8.27 SA 310R7 6 650 9 el} 
Oe75 8.26 SA 310.3 Onis 9 0 
7 000 Gne7 SA 310 67 yore 9 lt 
7025 == —= “= (oe) =e 
7 50 Bn27 SA Omori 7 50 9 ol 
775 = = == 7075 o— 
8.00 8.28 SA orl 10 8.00 Sa 
8.25 —_ =s = gee te 
8.50 eeeo SA B16 8.50 9 07 
8.75 8.28 SA 21150 8675 97 
9.00 8.28 SA 3115.0 9.00 oa 
10.00 8 28 SA 311.0 10.00 9 07 





TEMPERATURE VARIATION THERMOCOUPLES 1 - 7 AT STEADY STATE 


Run: 


lb=1 


Before +4q 


Thermocouple 


SJOnFw fo 


After +4Aq 


Thermocouple 


Runes ' 


J OWN EW Po 


2b 


Before +4q 


Thermocouple 


JOULE ww fo 


After +4q 


Thermocouple 


JON WY Pb 


PARES VILL 


CONDITIONS FOR EACH RUN 


e 
Ss) 
CO 


WUT & ONT Leo 
S e 

MmrowOn 

HE-O O\NWw 


PK°F) 


135 5 
166.5 


106 


AT 


66 .0 
Too 
83 .0 
8 05 


58.0 


23 0 


45.0 
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TABLE VIII (CONT.) 


Rung 3-1 
Before +4q 
Thermocouple M.V. T( OR) AT 
1 22039 Lea) 0.0 
2 Zoi 155.0 18.0 
2.296 GO. 0 2aV0 
2) 510 163 50 26 20 
5 3.0 163 5 26.5 
6 Soils LO7 .0 30.0 
7 Beg 167.0 BKo) 6 
After +4q 
Thermocouple T( OF) AT 
1 82 19h. .5 G0 
2 099 239 5 4s .0 
2h 9 6 sd 
3 255.5 61.0 
5 Ls 256 5 62.0 
6 35 ae 8.0 
a, 08 2h2 5 P50 
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TABLE VIII (CONT.) 


Rung tlbel 
Before -4q 
Thermocouple M.V. T( OR) AT 
1 3.89 197.0 O20 
2 5 ell 256 .0 59.0 
; Gai 267.0 70e 
5.86 Poa les 7 5 
5 5.88 De 0 is 50 
6 Cant 267.0 Too 
7 Slt 255.0 58.0 
After- -Aq 
Thermocouple “MeV. T( OR) AT 
il 2 lth 139 .0 0 0 
2 3.628 ial AG 240 
3 3 179 .0 OAC 
3561 186 .0 47.0 
5 Bie te 190 5 51.5 
6 Bi 192.5 535 
Run: 2b=3 
Before -Aq 
Thermocouple MaVie Tt (ORF) AT 
1 salen 196.5 0.0 
2 5 29 2150) 15 Sl 0 
5 063 263 oO 66 5 
i 5 80 269 5 i 
5 5 83 270.5 Lee 
5 5.58 ‘26H 40 69 05 
7 5 oll 2h 3 05 t oO 
After -Aq 
Thermocouple MeV. T( OF) AT 
1 2 639 Heh ae 6. 0.0 
2 3.03 163 .0 26 .0 
; Bll 168.5 Piles 
3 033 175 oO ae 
5 3-38 177.20 0.0 
6 3 IL-7 180.5 tee 
7 3 9 gH hls ; 
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TABLE VIII (CONT.) 


Run: 3b=2 
Before =-Aq 
Thermocouple MeVe T(°R) AT 
1 i ike) Ima O50 
2 093 287 .0 13.0 
A 5 027 9 5 555 
5 ol.2 2556 61 AG) 
5 5 lL7 257 0 63.0 
6 5.36 eo 9 0 
7 5.07 22 .0 G0 
After «Aq | 
PS oats MeV, T(°R) AT 
1 2iaa0 135.5 0.0 
2 2.82 15.5 19 .0 
2.96 160 0 2h 5 
i 3 07 16), 5 29 0 
5 3.09 16s 25 BORO 
6 31 Ie as 32.0 
i 5 <1 167 05 32.0 








TABLE VIII (CONT.) 


Runs: LOlb 
Before-AW 
Thermocouple M.V. T( OR) AT 
1 ie 166.5 O20 
2 3°88 196 65 BOO 
206 203 05 7 20 
iN 1.16 207-5 a0 
5 n.2l 209 5 13.0 
6 2h 210.5 oes 
77 iL eal 210.5 hh 60 
After -AW 
Thermocouple M.Ve T(°R) AT 
ii 026 172.0 0.0 
2 0 21h .0 2.0 
65 226.5 5 eS 
in 85 23h .0 62.0 
5 85 23.0 S21.0 
6 li 80 232.0 60.0 
i 656 2230 51.0 
Run: 102b 
Before -AW 
Thermocouple MeV. T( OR) AT 
1 2h ees 0.0 
2 Rook 210.5 9.0 
lta 22 sO 9.5 
A fifo 22865 spew) 
5 1.80 Palas 60.0 
6 1 683 233.0 Salas 
i  .83 De eia® 61.5 
After =AW 
Thermocouple MeVe T( °F) AT 
il e277 1725 0.0 
2 L256 22a as lat) 
697 238.5 66.0 
if 5 ol SLB 76 20 
? 5 32 2 ee ae 
513 ahi. ; 
7 five 219.0 16 5 





Lil 
TABLE VIII (CONT.) 


Run : 10le 
Before +AW 
Thermocouple M.V. T( oR) AT 
1 ppe 172.0 0.0 
2 oe 217.0 hs .0 
f ling 8 227 05 55 05 
86 2314.0 62.0 
c 87 23h 5 528 
6 Hegde 230.0 8.0 
f ly olt7 219.5 TS 
After +AW 
Thermocouple MeV. T( OF) AT 
il e201 170 5 0.0 
o i 202 5 25 
P 1.25 211.0 fee 
1.39 216.5 6.0 
5 1.50 2208S 50.0 
6 1.50 22025 50.0 
7 50 220 5 50.0 
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TABLE OF SYMBOLS 


inside cross-sectional area of tube, ft* 
inside heat transfer area of tube, ft* 
outside heat transfer area of tube, ft*® 


experimental time constant, min.7> 


bubble regime of boiling, repeating symbol signifies 


increasing intensity of phenomenon 


specific heat, BTU lb, FOr 


specific heat at constant pressure, BTU lb oa 
inside diameter of generating tube, ft. 


mass flow rate per unit area, 1b. nr f47> 


forced=-convection heat transfer coefficient, BTU hr 


ft~-< oF- 


puoere nel aie scale heat transfer coefficient, BTU hr 


Opel 


thermal conductivity, BTU nr7? or ones 


length of generating tube, ft 


length of generating tube at which peak outside wall 


temperature occurs, ft. 
mass, lb 
m 
heat flux for inside surface of tube, BTU nee ft 
heat flow rate, WATTS 
latent heat of evaporation, BTU 1, 
inside tube radius, ft 
outside tube radius, ft 


slug regime of boiling, repeating symbol signifies 
increasing intensity of phenomenon 


slug-annular regime of boiling, repeating symbol 
Signifies increasing intensity of phenomenon 


-2 


-l 


=-1 
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Ee DW wD 


ol wD 
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temperature, OP 


time, hr, min, sec 


transport time, min7> 


turbulent-annular regime of boiling, repeating symbol 
Signifies increasing intensity of phenomenon 


inside circumference of tube, ft 


volume of generating tube, rt? 


specific volume of water at boiling point, ft lp ~? 


specific volume of saturated steam, rt? lb 7+ 


weight flow rate, 1b, hr7? 
mass flow rate, 1b, hr7+ 
internal heat generation per unit volume and time, 
BTU ft73 hr-t 


GREEK 


coefficient of thermal volume expansion, cm 


average coefficient of thermal volume expansion, Opt 


viscosity, lb, hr7> re7+ 
density, 1b_ tt~? 


average density, 1b, ft7? 


SUBSCRIPTS 
bulk 
preheater, economizer 
gas 
generating tube 
inside 
outside 


peak 








Lea 


at inlet of preheater section 

wall 

variable distance from inlet of preheater section 
final steady state value after step change 

steady state value before step change 


transient value after step change 


PREFIX 


increment, step change 
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